[1] We present measurements of the solubility of Fe(II) and Fe(III) extracted from bulk and sizefractionated African dust collected in summer trade winds at Barbados, West Indies. Iron solubilities typically ranged from 1% to 3%. Fe(III) dominates the iron solubility over the entire range of particle sizes. At mineral dust concentrations below about 5 ug/m 3 Fe(II), believed to be largely derived from anthropogenic and biomass burning sources, becomes increasingly important. Samples containing large soluble iron fractions and high Fe(II)/Fe(III) ratios are associated with South Atlantic back trajectories; the gray coloration of the filters suggests that the source may be biomass burning in southern Africa. In general, much of the variability in Fe solubility is linked to Fe(II) concentration changes. Vanadium is often used as a tracer of anthropogenic impacts. Although many of our samples yielded V/Ti ratios much greater than average crustal abundances, we could find no relationship between the enrichment of V and Fe solubility. Our Fe solubility results are quite similar to those obtained by others despite the fact that the measurements were made in diverse ocean regions and the protocols used were quite different in all cases. This uniformity implies that the factors controlling aerosol iron solubility are largely inherent in the properties of the aerosols themselves and not the procedures used to extract the iron. Our results suggest that dust transport models that focus on the role of iron in ocean biogeochemistry must take into account aerosol origin in order to better model the solubility of iron.
Introduction
[2] Iron (Fe) is an important micronutrient and its availability is critical in regulating primary productivity over much of the ocean surface [Coale et al., 1996 [Coale et al., , 2004 Behrenfeld and Kolber, 1999; Boyd et al., 2000 Boyd et al., , 2004 de Baar et al., 2005; Gervais et al., 2002; Tsuda et al., 2003; Martin et al., 1994] .
Fe limitation is most prevalent in high-nutrient lowchlorophyll (HNLC) areas that compose approximately 30% of the world's oceans [de Baar and Boyd, 2000] . Although coastal regions can receive iron from riverine sources and from regeneration in continental shelf sediments [Johnson et al., 1999; Lam and Bishop, 2008] , the vast majority of the global ocean, including the HNLC areas, are dependent on wind-transported atmospheric dust as a source of Fe Mahowald et al., 2009; Gao et al., 2003] . The total flux of dust deposited to the sea surface is estimated to be in the range of 1490 to 1814 Gt yr −1 . While the concentration of Fe in soil dust is close to the average upper crust abundance, approximately 3.5% [Taylor and McLennan, 1985; Trapp et al., 2010] , we have a poor understanding of the fate of Fe in dust once the particles are deposited on the ocean surface. [3] An accurate understanding of the iron inputs is important for global-scale biogeochemical modeling. Of particular interest is the fraction of iron that would become biologically available once the aerosol particle is deposited in the ocean. Because we do not know which forms of iron are most readily taken up by marine organisms, it has been a common practice to measure iron solubility as a proxy for bioavailability as dissolved iron is the most readily utilized form of iron. To this end, various research groups have provided a wide range of operationally based definitions of iron solubility. These typically involve extracting an aerosol filter with an aqueous solution ranging in composition from that similar to seawater to that expected in acidic aerosol coatings. Using various protocols, a large number of field measurements of iron solubilities in airborne dust have been made in a wide range of ocean environments [Aguilar-Islas et al., 2010; Baker and Croot, 2010; Zhuang and Duce, 1990; Spokes and Jickells, 1995; Zhu et al., 1997; Edwards and Sedwick, 2001; Bonnet and Guieu, 2004; Chen and Siefert, 2004; Hand et al., 2004; Buck et al., 2006; Chen et al., 2006; Desboeufs et al., 1999 Desboeufs et al., , 2005 Wu et al., 2002; Boyle et al., 2005; Buck et al., 2010a Buck et al., , 2010b . The lowest solubilities, typically on the order of one percent, were usually found under conditions where the aerosol was dominated by mineral dust. On this basis, many global iron models estimate the deposition of bioavailable iron to the oceans with the assumption that mineral dust is the major source of iron. Consequently, they focus on the major sources of dust, i.e., deserts and arid regions, and they assume a relatively narrow range of iron solubility, typically one to two percent [Fung et al., 2000; Aumont et al., 2003; Gregg et al., 2003; Moore et al., 2004 Moore et al., , 2006 Parekh et al., 2004; Mahowald et al., 2009] . [4] In contrast, in regions where dust concentrations were low many of these same studies found that as much as 80% of the total aerosol iron was soluble. In some studies, a consistent relationship was found wherein the fractional solubility of aerosol iron (i.e., the fraction of total ion in a sample that can be extracted into the aqueous phase) is inversely related to the mineral dust concentration. This apparent hyperbolic relationship yields very high solubilities at very low dust concentrations and, conversely, very low solubilities at high dust concentrations [Siefert et al., 1999; Edwards and Sedwick, 2001; Chen and Siefert, 2004; Hand et al., 2004; Chuang et al., 2005; Sedwick et al., 2007] . [5] To explain these large differences in fractional solubility, several hypotheses have been suggested Sedwick et al., 2007; Sholkovitz et al., 2009] . Two prominent hypotheses which we explore in our study approach this issue very differently. The first focuses on the physical differences Buck et al., 2010a] and the second concentrates on the chemical differences of the aerosols [Sedwick et al., 2007; Sholkovitz et al., 2009] . The physical interpretation assumes that iron solubility is largely dependent on the iron present on or near the surface of the aerosol particles. Aerosol samples in which the size distribution is dominated by relatively small particles will have a higher surface-to-volume ratio, and hence a greater fraction of extractable iron than those dominated by large particles. In contrast, the chemical hypothesis maintains that it is the initial composition of the aerosol source materials that controls the observed trends in the solubility of aerosol Fe regardless of the differences in size distribution. The latter hypothesis is supported by studies that find relatively higher Fe solubility in aerosols produced by the combustion of fossil fuels and biomass fires. Thus the observed differences in the solubilities of iron in different dust samples could be a function of the amount of iron in the sample derived from these anthropogenic sources [Spokes and Jickells, 1995; Veranth et al., 2000; Bonnet and Guieu, 2004; Chuang et al., 2005; Desboeufs et al., 2005; Guieu et al., 2005; [6] This paper presents iron solubility measurements made with aerosol samples collected in Barbados trade winds during an intensive field campaign in August-September 2007. In addition to iron solubility, we report on measurements of the concentrations of iron (II) and iron (III) in dust extracts. By concentrating on the iron redox speciation and by using an acidic extraction protocol, we obtain an upper limit estimate of bioavailable iron being introduced to the surface ocean. We also explore how the relative concentrations of iron (II) and iron (III) might be linked to total iron concentration and to air mass history. Moreover, in addition to measuring iron in bulk filter samples, we use cascade impactor samples to study iron solubility as a function of particle size. [7] This study focuses on aerosol samples collected during the Barbados Dust Deposition Experiment (BarDEx) intensive field program. Barbados (13.17°N 59.43°W) has a long history of aerosol studies [Prospero and Lamb, 2003] . It is situated in the western Atlantic trade wind regime where African dust is the dominant aerosol constituent [Li et al., 1996] during much of the year. There is a strong seasonal cycle in dust transport that has been documented by surface-based aerosol measurements [Prospero and Lamb, 2003] and various satellite sensors [e.g., Husar et al., 1997; Chiapello et al., 1999 Chiapello et al., , 2005 Mishchenko et al., 2007] . Dust transport is extremely low in boreal winter, increases sporadically in the spring, is constant throughout the summer, and subsequently decreases through the fall. Summer dust is associated with the passage of easterly waves that move through the region in cycles over a period of several days to a week [Dunion and Velden, 2004] . These waves produce a strong modulation of dust concentrations from day to day, often by a factor of 10 or more [Li et al., 1996] . It takes about one week for dust to travel from the coast of Africa to Barbados [Prospero et al., 1970 [Prospero et al., , 1981 Prospero and Carlson, 1972] . [8] Samples were collected at the University of Miami's Ragged Point facility located on the east coast of Barbados [Prospero and Lamb, 2003; Li-Jones and Prospero, 1998; Prospero et al., 1989] . Samples were collected at the top of a 17 m tall tower on a 30 m high bluff, about 50 m from the ocean. To minimize the possible impact of local sources, the sampler was controlled by a wind sensor and computer. The pumps were activated only when the wind blew from the ocean sector, a condition satisfied on average over 95% of the time. The closest landmasses within the sampling sector are the Cape Verde Islands and the coast of Africa, about 5000 km to the east.
Materials and Methods

Sampling Site
Sampling
[9] Bulk aerosol samples were collected on 20 cm × 25 cm W-41 filters. W-41 filters were used because they have low blanks for a wide range of elements [Huang et al., 1999; Arimoto et al., 1995] and enable high sampling flow rates (∼1 m 3 min
−1
). In the marine boundary layer, the collection efficiency of W41 filters is greater than 99% for non-sea-salt sulfate (nss SO 4 2-) [Pszenny et al., 1993] , 95% for NO 3 − and marine aerosols, and 99% for dust . A variety of sampling protocols were employed to study different aspects of the processes controlling Fe solubility. High-volume bulk samples were taken daily on a 24 h cycle that started early in the morning. A second concurrent sample was taken daily using slot-type high-volume cascade impactors (Tisch Environmental, Inc.) configured to collect three size fractions: greater than 10 mm, 2.5 to 10 mm, and less than 2.5 mm. We used slotted W-41 filters as the impaction stage collection substrate [Li-Jones and Prospero, 1998 ].
[10] After collection, each filter was extracted within 1-2 h and analyzed for soluble materials. The filters were then stored in individual zip-lock bags (low density polyethylene; Cole-Parmer) and frozen for later ICP-MS analysis. Precautions were taken to minimize metal contamination throughout all sampling and analytical procedures. All filter manipulations were carried out in a laminar flow bench (Class 100). All the bottles and materials used for the filter extracts and analyses had been previously cleaned and immersed for at least one week in a soap solution of 2% (v/v) Micro-90 (International Products Corporation, NJ, USA). They are subsequently immersed in 10% (v/v) HCl solution, rinsed with ultrapure water (Milli-Q), dried in a clean laminar flow bench (Class 100), and stored in zip-lock bags until used.
Sample Analysis
[11] One quarter of the bulk filter was extracted three times (10, 5, 5 mL) with MQ-H 2 O (pH = 5.5) and centrifuged between each extraction. The . Mineral dust concentration was determined by combusting the extracted filter at 500°C for 12 h and subsequently weighing the residue.
[12] Soluble iron concentrations and speciation were measured immediately (<2 h) after the filter was retrieved as the speciation of the samples can change quickly [Zhu et al., 1997] . A wide range of extraction solutions were used in the previously cited studies. In our work, we used a 1 M NaCl solution acidified to a pH 2. This acidic solution was chosen to provide an upper limit of soluble iron as it mimics the environment that a dust particle would experience when coated with sea salt and equilibrated with the marine atmosphere at 80% RH [Zhu et al., 1993] . One eighth of the bulk filters and one third of the cascade impactor filters were extracted for 300 s in 25-50 mL of solution. The 300 s extraction is used in an effort to achieve maximum extraction of surface-bound iron with minimal leaching from the mineral matrix. As shown in Figure 1 , the major portion of the Fe is extracted in the first few minutes. An aliquot of the extractant was then filtered through a 0.45 mm pore diameter filter (prewashed with dilute acid) to remove all but the finest particulate matter. Nonetheless any such particles that penetrate the filter will be included in the soluble fraction. The pH was adjusted to about 5.5 using an acetate buffer, and the Fe(II) was analyzed using the ferrozine method [Zhang et al., 2001; Trapp and Millero, 2007] . A second aliquot was filtered and treated with hydroxylamine hydrochloride (0.01M) for 1 h to convert Fe(III) to Fe(II). The pH was then adjusted to about 5.5 using an acetate buffer, and analyzed using the ferrozine method. The difference between these two Fe measurements yields the concentration of Fe(III). This method yields a s = 0.2 nmol/kg and a detection limit of 0.6 nmol/kg, while replicates show a variance of ±4%.
[13] Several other researchers Chen and Siefert, 2004; Sarthou et al., 2003] have used ammonium acetate leaches (pH 4.5-4.7) for up to 2 h. To put our results into the context of this milder extraction protocol, we carried out comparisons of both procedures by extracting aliquots of the same samples. The two protocols yielded good agreement with Fe(II) ( Figure 1) ; both the pH 2 and pH 4.7 extractions released most of the soluble iron within the first 5 min. The agreement was poorer with Fe(III); although in both cases, most of the extractable Fe(III) was released in the first 5 min, the pH 4.7 wash yields substantially lower concentrations and the yield does not increase with longer extraction times. This is most likely due to the difference in the solubility of Fe(III) at pH = 4.7 (120 nmol/L) and pH = 2 (>1 mmol/L) [Liu and Millero, 1999] . As we will later show, the widely differing extraction protocols used in these various cited studies yield results that are broadly similar. This extraction procedure was also tested using a range of different volume washes (25-1000 mL), and no evidence of solution saturation effects was observed, as was suggested to be a possible problem in previous studies . [14] Total Fe was measured on aliquots of the two impactor filter surfaces and the backup filter. The filter was digested using a Mars Microwave Digestion System (CEM). The instrument is internally programmed to follow EPA method 3052 (a performance based procedure) which we have optimized so that our samples could be run directly from the microwave digestion [Trapp and Millero, 2007] . The aerosol filter is placed in the Teflon digestion tube along with 4 ml of nitric acid, 2 ml of hydrogen peroxide, and 0.2 ml of hydrofluoric acid using trace metal grade reagents. Samples are heated to 180°C over a 5 min ramp time and held at that temperature for 15 min. After returning to room temperature 2 ml of 5% Omni-trace boric acid (EMD Chemical) is added to complex any remaining HF and subsequently heated to 100°C for 5 min. Samples are then diluted to 50 ml and filtered using a 0.2 mm pore size Teflon filter. Depending on the dust load of the filter, a 0.5-2.0 ml aliquot of the resulting solution is diluted to 5 ml with MQ-H 2 O and a 10 ppb of an internal standard (Y, Bi and In) is added before making the measurements. Due to limited cascade sample sizes, total metal concentrations were then used to calculate the mineral dust concentration for the cascade impactor using known concentrations in Barbados aerosols [Trapp et al., 2010] . . Expressed as the soluble fraction of the total dust Fe on the filter, the mean solubility was 1.0% for Fe(II) sol but the range was broad, 0.3% to 4.7%. The mean of Fe(III) sol was 1.2% with a range of 0.4%-2.9%.
Results and Discussion
Trends in Iron Solubility
[16] The times series of dust concentration and the percentage of Fe that is soluble (% Fe sol ) are shown in Figure 3 . There was a clear tendency for solubilities to be low at high mineral dust concentrations and, conversely, to be high at low concentrations. The mean % Fe sol was 2.2% with a range of 0.8% to 5.8%. [17] In Figure 4 we plot % Fe sol values against the dust concentration. Our data display the same hyperbolic tendency observed by other researchers as previously cited in the Introduction. The highest Fe sol fractions were found at the lowest dust loads (Figure 4a ). In Figure 4b the % Fe sol is plotted against the inverse of the bulk dust concentration to emphasize the trends at low dust concentrations. [18] We next examine the relationship between dust concentrations and the solubility of two ionic forms of iron. In Figures 4a and 4b , the distribution of the percent of Fe that is soluble Fe(II) (% Fe(II) sol ) shows a strong hyperbolic relationship that is similar to that observed for total soluble iron (% Fe sol ). This consistency, suggests that the change in the total Fe fractional solubility as a function of dust concentration is driven by the behavior of Fe(II) at low dust concentrations. Note, however, that in Figure 4a there is a tendency for % Fe sol to increase at higher dust concentrations while, in contrast, the % Fe(II) sol remained unchanged at concentrations above about 5-10 mg/m 3 . This difference is also especially noticeable in Figure 4b at low values of 1/Dust equivalent to dust concentrations of about 10 ug/m 3 and greater. These differences reflect the increasing contribution of Fe(III) relative to Fe(II) to total Fe solubility at higher dust concentrations. [19] In Figure 5 we show a pair of graphs similar to those in Figure 4 , but for the percent soluble Fe(III) distribution (% Fe(III) sol ). % Fe(III) sol yielded a distribution similar to % Fe(II) sol except in two respects: first, the increase in fractional solubility at low dust concentrations is not as great as that for % Fe(II) sol and, second, there is a tendency for increasing fractional solubility at higher dust concentrations, most visible in Figure 5b . Thus both Fe(II) and Fe(III) played a role in the total solubility of Fe at low dust concentrations, although Fe(II) was more dominant at high dust concentrations. Fe(III) also became more important as noted in Figures 4a and 4b.
[20] Overall, Fe(III) was the dominant form of soluble iron (59.6%). At high total concentrations, it can account for up to 85% of the soluble iron. As the total mineral aerosol decreased, the soluble Fe (II) fraction increased as shown in Figure 6 , reaching a maximum of 87.0% of total soluble iron. This trend is consistent with data collected in the North Pacific by Buck et al. [2006] . Barbados typically experiences high aerosol concentrations almost every day of the summer. The minimum of 2.4 mg/m 3 measured in this study is two orders of magnitude greater than the lowest dust concentrations reported in Fe solubility studies in other oceanic regions. Thus, one might expect that the role of Fe(II) would become more important in regions where dust concentrations were lower than those observed during this study.
Source-Related Trends in Solubility
[21] Our data support the hypothesis that the variations in the soluble iron fraction in aerosols are linked to the presence of aerosol components that have different origins and different properties. The variable composition is observed for natural sources and, most notably, for anthropogenic sources. Fe(II) is produced in the combustion of fossil fuel, incinerator fires, and biomass burning [Luo et al., 2008] . Anthropogenic iron is relatively more soluble than iron in dust, and hence under some conditions, it may be the predominant source of atmospheric soluble iron [Chuang et al., 2005] . Model results suggest that while anthropogenic iron sources account for <5% of total global aerosol iron, it can account for up to 50% of iron deposition in some regions [Luo et al., 2008] . Anthropogenic aerosols also often contain elevated levels of organic acids, nitrates, and sulfates, acidic species that could render the iron more soluble during transport through the atmosphere. Mahowald et al. [2005] review various mechanisms in which these species could play a role in atmospheric iron chemistry. These include photo-oxidation [Zhu et al., 1997] , organic acid complexation [Kieber et al., 2005] , and acidic stabilization [Zhuang et al., 1992] .
[22] To assess the possible link of iron solubility to aerosol sources, several 240 h back trajectories were generated for each sample day using the NOAA HYSPLIT service (http://www.arl.noaa.gov/ready. html). The accuracy of modeled back trajectories decreases with increasing time, especially over datapoor ocean areas. Nonetheless, the tendency of back trajectories to cluster into groups that can be linked to aerosol composition tendencies enables us to associate these compositional properties to general source regions. Dust is carried to the Western Atlantic in large-scale events with dust present from the surface to about 3-4 km [Prospero and Carlson, 1972] . Although there can be considerable variability in the distribution of dust with altitude [Maring et al., 2003a; Reid et al., 2003a] , the highest concentrations are usually found in an elevated layer of hot, dry air, the Saharan Air Layer (SAL), that lies above the marine boundary layer and which can be readily identified in meteorological soundings [Dunion and Velden, 2004] . Although dust concentrations at the surface in the marine boundary layer (MBL) are not highly correlated with the column loading on a day-to-day basis, they are highly correlated over longer periods [Smirnov et al., 2000] . In Figure 7 , we present examples of representative back trajectories at three starting altitudes over Barbados: 500 m, 2000 m, and 5000 m. The 500 m trajectory would typically lie in the MBL close to the bottom of the SAL and the 2000 m trajectory in the middle; the 5000 m trajectory would normally lie well above the nominal top of the SAL.
[23] The back trajectories for the entire suite of samples can be divided into three groups based on the general tendencies of back trajectories during the daily collection period: South Atlantic (5), West Africa (16), and Eastern Atlantic (11). Samples collected from air masses with West African (WAf) and Eastern Atlantic Ocean (EAO) trajectories are similar in that both originate from the east; they differ in that WAf trajectories cross the coast of West Africa whereas the EAO samples do not. Nonetheless, the African influence is usually quite clear in both the EAO and WAf samples, all of which have an identical reddish-brown coloration due to the high loading with mineral aerosol. Indeed, in contrast to the WAf example shown here, back trajectories from Barbados starting at altitudes within the MBL typically do not reach Africa; the processes responsible for the presence of such high dust concentrations in the MBL over the western Atlantic are still a subject of debate [Maring et al., 2003a; Reid et al., 2003a] .
[24] Descriptive statistics for the samples in these three trajectory groupings are shown in The dust concentration in this sample is similar to the WAf trajectory example on 11 September in its dust concentration and also in that it yields a Fe sol fraction of 0.4% with the dominant form of the soluble iron as Fe(III) (67.6%).
[26] In contrast, samples with South Atlantic Ocean (SAO) trajectories yield relatively low dust concentrations (mean, 9.2 mg/m 3 ), but the iron in the aerosol is relatively more soluble (mean Fe sol, 3.3%). Unlike the EAO and WAf samples where Fe(III) was the dominant form of soluble iron and Fe(II) was relatively low (EAO mean 38.1%, WAf mean 33.2%), in SAO samples Fe(II) was dominant, on average 61.9%. Figure 7c shows the back trajectory of a typical SAO sample (2 September 2007). This sample yielded a mineral dust concentration of 2.5 mg/m 3 and 3.0% Fe sol of which 87.0% is in the Fe(II) form. Despite the dominant SAO origin of some samples, many nonetheless contained substantial concentrations of dust. We attribute the presence of dust in these samples to short-term fluctuations in transport paths during the sampling period which results in short pulses of dust moving into the region. Measurements of aerosol optical depth at Barbados, a site in the NASA AERONET network, often show brief incursions of dust-laden aerosol during periods when concentrations are otherwise low: http://aeronet.gsfc. nasa.gov/new_web/index.html (Ragged Point).
[27] The SAO trajectories generally skirt the northeast coast of South America and track to the central South Atlantic as far south as 15-20°S. The SAO filters are gray toned in contrast to the reddish coloration of filters associated with EAO and WA trajectories. The gray coloration of the samples is consistent with the presence of black carbon from biomass burning. Boreal summer is the season when biomass burning is at its most intense in southern Africa [Hao and Liu, 1994; Duncan et al., 2003; Dwyer et al., 2000] . Indeed, aerosol optical depth over the equatorial and South Atlantic is heavily impacted by smoke from fires in Africa in the summer months [Chin et al., 2002] . Models often show extensive smoke transport across the equatorial Atlantic in latitudes close to Barbados; see, for example, the Naval Research Laboratory NAAPS model: http://www.nrlmry.navy.mil/aerosol_web/ loop_html/globaer_carib_loop.html. emissions from this region may also have impacted our samples on occasion, but under typical synoptic conditions during our experiment, southern Africa sources are more likely to be dominant. [29] Our trajectory interpretations of differing aerosol origin and the apparent hyperbolic relationship that we observe between iron solubility and dust concentrations as shown in Figures 4 and 5 are consistent with the mixing model given by Sedwick et al. [2007] and Sholkovitz et al. [2009] which considers the origin of aerosols to be the controlling factor in iron solubility. This model assumes two end-members, one an anthropogenic aerosol that has high iron solubility and one North African dust member with low iron solubility. This mixing model can explain the quasi-linear correlation observed between solubility and the inverse of atmospheric mineral dust concentration as shown in Figure 5b . Sedwick et al. [2007] identify a natural mineral component that has a Fe sol of 0.44% which is lower than the value reported here, 1.7% Fe sol . In contrast, our mean value for Fe(II) sol , 0.4% (the average of the five highest-concentration WAf samples), is in agreement with the values found by Sedwick for total iron solubility. The differences may be due to the different extraction techniques used in these two studies. Sedwick used a flow-through technique with deionized water which may not mobilize the Fe(III) in the sample as effectively as our acidic technique. Baker et al. [2006] , using an ammonium acetate leach (1-2 h) on Saharan dust, obtained an average solubility of 1.7% which is the same as our value of 1.7%.
[30] Sholkovitz et al. [2009] , expanding upon the Sedwick et al. [2007] Bermuda-based study, identify an anthropogenic end-member with a maximum Fe sol of 19% which they associate with aerosols transported from North America. In our study we obtained the maximum solubility in an SAO sample which yielded 5.8% Fe sol of which 80.6% was Fe(II). As previously stated, we associate these higher solubilities with the inferred presence of biomass burning products. The fact that our anthropogenic Fe solubility is lower than Sedwick's is most likely due in part to the different nature of SAO sources, i.e., biomass burning as contrasted to North American industrial sources. Iron from combustion sources are thought to be rich in soluble metal salts and amorphous materials that contain relatively high concentrations of Fe(II) [Desboeufs et al., 2005; Chuang et al., 2005; Guieu et al., 2005] . Thus, the changes in soluble iron would mostly be linked to Fe(II) concentrations in the samples. This is consistent with the large increases in % Fe sol that we observe at low aerosol concen- tration associated with large increases in Fe(II) sol (Figure 5a ) relative to Fe(III) sol (Figure 6 ). The lower Fe sol in our SAO samples could also be due to the presence of substantial concentrations of African dust in many of the samples.
Solubility and Particle Size Relationships
[31] As previously stated, the relationship between iron solubility and atmospheric mineral dust concentration has also been attributed to differences in the physical properties of the aerosols rather than the chemical composition. A number of studies have examined iron solubility as a function of the particle size [Siefert et al., 1999; Johansen et al., 2000; Johansen and Hoffmann, 2003; Chen and Siefert, 2004; Hand et al., 2004; Ooki et al., 2009; Buck et al., 2010a] . This hypothesis states that in an aerosol-laden air mass, larger particles are preferentially removed by settling thus resulting in a progressive decrease in the average modal size of the particles . As a result, the surface to volume ratio increases and a greater proportion of the iron in the dust particle will lie closer to the surface where it is more susceptible to being extracted. Evidence that might support the size control hypothesis is found in the similarity of iron solubilities in samples collected in remote regions of the North and South Atlantic and in the absence of a correlation to particle acidity .
[32] One explanation for the increase in solubility with decreasing modal size could be the result of a shift in mineralogy during transport. This could cause a more rapid loss of larger particles (e.g., quartz and other resistate minerals). The clay size minerals are smaller (2 mm diameter and below) and have higher fractional iron solubility [Glaccum and Prospero, 1980; Journet et al., 2008] . The counter argument to this hypothesis is that the size distribution of mineral dust over the ocean is rather uniform with a mass median diameter of approximately 4 mm . Also for particle sizes below about 8 mm diameter, there is very little difference between the size distribution of African dust measured off the coast of Africa in the Canary Islands and that measured in the Caribbean after about 5 days of transit time [Maring et al., 2003b] .
[33] In our study we looked for changes in iron mass and solubility with particle size using daily cascade impactor samples. The results are given in Tables 3 and 4 as well as Figures 8a and 8b . We note at the outset that the dust concentrations obtained with the cascade impactor, summing over all impactor stages, were typically about 8% lower than the bulk filter for total iron concentrations. These discrepancies have been previously observed in other studies using other cascade style impactors and attributed to particle bounce [Buck et al., 2010a; Reid et al., 2003a] and interstage losses [Li-Jones and Prospero, 1998 ]. At Barbados in a previous study using an identical slot impactor but with all six impaction states in place, dust losses averaged about 40% mostly due to losses to the interior walls of the upper and middle stages; in contrast, losses of nss-SO 4 = , which resides largely in the submicrometer size fraction, were only a few percent [Li-Jones and Prospero, 1998 ]. The fact that the dust losses (i.e., the difference between the bulk filter and the impactor) were lower in our current measurements is attributed to our use of only two impaction stages; thus, wall losses were minimized. Our previous study [Li-Jones and Prospero, 1998 ] also showed that dust particle bounce was not a problem with these impactors, a result attributed to the use of W-41 as the impaction surface and the high relative humidity of the environment.
[34] In our present study, we found that the Fe solubility was slightly higher (∼8%) in the impactor samples compared to bulk samples, a result also previously observed in dust dominated samples [Buck et al., 2010a] . We have no explanation for this enhanced solubility. [35] The 2.5-10 mm fraction contains about half of the total Fe in the cascade impactor samples, 64.2% on average (Table 3) , as might be expected since the low-end cutoff size is near the peak in the dust mass median diameter. The <2.5 mm size fraction contains the majority of the remaining iron (mean 32.5%). However, in samples with low iron concentrations (six lowest iron concentrations <200 ng Fe/m 3 ( Figure 8) ), the pattern shifts showing increased iron found in the <2.5 mm size fraction (mean 42%) while iron found in the 2.5-10 mm fraction decreased (mean 55%) (Figure 8a ). The majority of the Fe sol is also typically found in the 2.5-10 mm size fraction (average 57.0%) ( Table 4) . At total iron concentrations about 200 ng/m 3 the soluble fraction in the 2.5-10 mm size fraction is rather uniformly about 70%. At low concentrations (<200 ng/m 3 ) the <2.5 mm fraction can become a more important contributor to % Fe sol (max 51.7%) (Figure 8b ). The >10 mm size fraction always contains the smallest fraction of the total iron (mean 3.7%), and a minor component of the % Fe sol in any 1 day sample set (mean 12.9%) except at low mineral dust concentrations (<200 ng/m 3 ) where it can contain as much as 36.1% of % Fe sol .
[36] In Figure 9 , % Fe sol in each of the three size classes is plotted against the total iron concentrations in that size fraction. In each size class there is a tendency for the soluble Fe fraction to increase at iron concentrations below about 200 ng/m 3 (i.e., impactor stage dust concentration is below about 5 mg/m 3 ). The greatest change in solubility is observed in the >10 mm fraction. The increased solubility is largely associated with an increase in Fe(II) (Figure 4a ) although Fe(III) also increases ( Figure 5a ). The 2.5-10 mm and <2.5 mm fractions closely resemble each other indicating that they are both dominated by the low-solubility mineral aerosol end-member over a large concentration range. Although we do observe an increase in % Fe sol at low dust concentrations. The absence of a strong increase in solubility at low concentrations or of a substantial difference in the 2.5-10 mm and <2.5 mm size fractions is likely due to the selection of the 2.5 mm size cut off point which lies just below the mass median diameter of the dust. Thus any enhancement in soluble iron due to particle size, affects the contribution of anthropogenic particles, which are typically under 1 mm diameter, and would tend to be overwhelmed by the Fe associated with African dust.
[37] Another factor which must be considered when comparing our results with those from other groups is that dust concentrations in our study were always relatively high compared to other studies. As previously stated, our lowest dust concentrations are much higher than found in previous studies; our lowest single sample, 2.4 mg/m 3 , was two orders of magnitude greater than the lowest concentrations reported in the Baker and Jickells [2006] study of particle size effects. It is possible that particle size effects are not so prominent in our data because of the limited range of dust concentrations. [38] The highest fractional solubility in the impactor samples was observed in the >10 mm mode; in one sample, 55.4% of the iron on the stage was soluble. These high-solubility samples occurred on days corresponding to SAO trajectories. The large highly soluble Fe particles are probably linked to biomass burning, or possibly to the adsorption of very fine anthropogenic materials (including smoke) onto sea-salt aerosols [Rosenfeld et al., 2002] . The impact of these particles on the fractional solubility is large because of the very small amount of mineral dust in this size fraction, on average, only 3.7% of the total (Table 3) , and because of the relatively low dust concentrations in SAO samples. When the SAO samples are excluded, the average Fe sol for particles >10 mm decreases from 20.9% to 4.3%, much closer to the 2.0% and 1.2% average solubility of 2.5-10 mm and <2.5 mm size ranges, respectively. A recent Fe aerosol study on the CLIVAR/CO 2 repeat hydrography A16 cruise yielded similar results in samples collected on the southern portion of the track using a nine-stage cascade impactor [Buck et al., 2010a] . In a sample collected on 31 July 2003, the top impactor stage (aerodynamic diameter ≥ 18 mm) yielded increased solubility, 30.5% Fe sol . Back trajectories suggest that biomass burning sources could have impacted this sample. [39] In an effort to relate our solubility trends to anthropogenic source impacts, we used vanadium as a tracer of fossil fuel combustion emissions [Zoller et al., 1973; Chen and Duce, 1983; Hope, 2008; Trapp et al., 2010; Sholkovitz et al., 2009] . Sholkovitz et al. [2009] recently used V/Al ratios to estimate the solubility of iron in North Atlantic aerosols using previously published data on aerosol composition from island stations. Buck et al. [2010b] used this same approach on data obtained on a North Atlantic cruise. Here we use the ratio of vanadium to titanium as an indicator of pollution impacts relative to dust sources. Titanium is a conservative element in crustal material and it has few anthropogenic sources; thus it is a good tracer for mineral dust [Formenti et al., 2003; Trapp et al., 2010] . When mineral dust is dominant in samples, the V/Ti ratios should be similar to the mass ratio in the upper crust, 0.020 [Taylor and McLennan, 1985] . [40] In samples with high Ti concentrations, and thus high mineral dust, we obtain a mean V/Ti mass ratio of 0.04 (Figure 10a ). This value is close to the expected crustal value and in good agreement with our previous results obtained with a much larger sample data set from Barbados which yielded a V/Ti ratio of 0.034 [Trapp et al., 2010] . This is in good agreement with Buck et al. [2010b] who found an average mass ratio of 0.038 for their six highest Saharan dust dominated samples. The V/Al mass ratios averaged 1.4 × 10 −3 for mineral dust dominated samples and a maximum value of 2.6 × 10 . The V/Al ratio in Saharan dust samples is approximately twice the ratio in the upper crust (∼8 × 10 −4 ) [Taylor and McLennan, 1985] similar to the V/Ti.
Vanadium as a Tracer of Anthropogenic Impacts
[41] At low aerosol concentrations, there is a clear increase in V/Ti which suggests the increasing influence of anthropogenic sources. The largest V/Ti ratios occur in the >10 mm mode and in the samples associated with SAO trajectories, the same samples that yielded the highest soluble iron fraction. This suggests that anthropogenic inputs rather than physical properties might be controlling solubility in these samples. A scatterplot of % Fe(II) sol versus V/Ti (Figure 10b) shows that there is no simple relationship to V. While there is a suggestion that a few samples showed an increase in % Fe sol as V/Ti increases as observed by Sholkovitz et al. [2009] , in general there is no correlation. The lack of a clear relationship is not surprising given the limited impact of the types of anthropogenic sources that would yield increased V (and Fe) aerosols in our samples. Indeed, as we have shown, the increased Fe solubility in our samples seem to be associated with samples collected on SAO trajectories and impacted by biomass burning. Thus, we would not expect to see a relationship between Fe solubility and V except incidentally. [42] This work reports the results of an intensive study of iron speciation and solubility in aerosols carried on trade winds sampled on Barbados during boreal summer. We present evidence that North African mineral dust contains a fairly constant fractional solubility over a large range of dust concentrations. Most fractional solubilities were in the range of 1% to 3% at dust concentrations above ∼5 mg/m 3 . We did observe increased solubilities at lower concentrations with a maximum of about 6%. The solubilities that we measured in our bulk aerosol samples are generally consistent with measurements made in three studies that report on extensive measurements made in various ocean regions including the tropical Atlantic Sedwick et al., 2007] and the Northwest Pacific [Buck et al., 2006] . In Figure 11 we plot our percent Fe sol results along with those reported by these three studies. The distributions in Figure 11 are broadly similar despite the fact that the samples came from a wide range of sources and that three different leaching methods were used. Sholkovitz et al. [2009, Figure 13 ] summarize literature data from five cruises in the subtropical North Atlantic; these show a similar hyperbolic distribution similar to our Figure 11 . [43] As previously stated, most of the measurements by the other groups were made under conditions where dust Fe concentrations were much lower than ours. An exception is the summer measurements made by Chen and Siefert [2004] in the tropical North Atlantic; consequently these samples are dominated by African dust at concentrations similar to those observed in our study. Our measured solubilities are similar to those of Chen and Siefert despite the fact that they used different filters and a different extraction technique (0.5 mM formateacetate buffer solution, pH 4.5). Both data sets show a relatively constant soluble fraction at iron concentrations greater than about 300 nmoles/m 3 Fe, which is equivalent to about 5 mg/m 3 of dust (assuming the average crustal abundance of Fe, 3.5%, in all sample sets). The other data obtained at relatively high dust loads were some of those reported by Buck et al. [2006] ; they obtained somewhat higher soluble fractions than those reported in this work and in Chen and Seifert. This difference could be due to the fact that Buck et al. report on work in the northwestern Pacific under conditions when Asian dust was present associated at times with high levels of acidic pollutants that might enhance Fe solubility. In Figure 11 , all data sets are in excellent agreement below about 300 nmol/m 3 where all show a sharp increase in the soluble fraction. The only substantial difference among these results is that the highest solubilities measured in the other studies, as high as 60%, are higher than our maximum solubility, 5.8%.
Discussion and Conclusions
[44] In our study we measured the highest solubilities in samples that were associated with back trajectories from the tropical South Atlantic. We conclude on the basis of the trajectories and the gray color of the filters that these samples were impacted by products of biomass burning in southern Africa or possibly, on some occasions, South America. In Figure 11 , the highest solubilities were obtained by Buck et al. [2006] in the Northwest Pacific, Chen and Siefert [2004] in the North Atlantic, and Sedwick et al. [2007] on Bermuda. These sampling regions were impacted by Asian and North American pollution sources. Thus our results are generally supportive of the hypothesis that pollution and biomass burning sources produce aerosols that contain relatively soluble iron or, alternatively, that the particles contain iron that is susceptible to atmospheric processing that can render the iron more soluble. The V/Ti ratio in our samples supports the case for anthropogenic influences at low concentrations. However, we do not find any evidence that iron solubility is related in any clear way with the concentrations of V and other anthropogenic tracer elements. Furthermore, although we do not present data here, we found no clear relationship between Fe solubility and the concentration of the acid nss-SO 4 = , NO 3 − which we routinely measured in our samples. Overall, our results are consistent with those of other studies Buck et al., 2006 Buck et al., , 2010a Buck et al., , 2010b .
[45] These higher solubilities that we measured are associated with increased concentrations of Fe(II) sol in our samples and were greatest at low mineral dust concentrations. Also the samples with South Atlantic trajectories that yielded relatively high solubilities also yielded a ratio of % Fe(II) sol to % Fe(III) sol that was twice that seen in Eastern trajectories (EAO and EAf).
[46] Although we did observe a pattern of increased solubility in the smallest size fraction, the relationship was not as strong as that observed by others. This could be a result of our sampling scheme which placed the impactor cut point at 2.5 mm diameter so that it included a substantial fraction of the dust mass. Thus, solubility changes that we would expect to see at very small particle sizes would be largely masked by the large amounts of iron extracted from the larger dust particles. However, recent work using nine size fractions with 6 size fractions below our 2.5 mm cutoff showed no systematic increase in solubility in the smaller fractions [Buck et al., 2010a] although sample size was a problem with some samples which led to somewhat variable results. In order to examine the particle size effects, it will be necessary to extend the cascade impactor measurements to smaller particle size sizes. Previous studies at Barbados have shown that a considerable fraction of the dust mass is present even at relatively small particle sizes: about 15% below 1.3 mm and 5% below 0.6 mm [Li et al., 1996] .
[47] Throughout this paper, we have compared our results with those of other groups. As stated above and as shown in Figure 11 , our Fe sol results are, in general, quite similar to those obtained by others despite the fact that the operational definitions of solubility and the protocols used in measuring solubility were quite different in all cases. One explanation for the similar results obtained for overall Fe solubility may be linked to the general agreement in Fe(II) solubility obtained using different leaching methods. If, as we suggest in this paper, major changes in iron fractional solubility are driven by Fe(II) from anthropogenic sources, then all the methods would detect these changes because Fe(II) is highly soluble. The Fe(III) solubility appears to be more stable and less affected by anthropogenic sources and by the leaching method employed. Even if thermodynamic saturation of solubility is reached, the resulting small changes in % Fe sol from Fe(III) sol would be comparatively small. This similarity in pattern has been noted in recent studies that bring together a large suite of oceanic aerosol data [Aguilar-Islas et al., 2010; Sholkovitz et al., 2009] . This uniformity implies that the factors controlling aerosol iron solubility are largely inherent in the properties of the aerosols themselves and not the procedures used to extract the iron. In particular we would expect that colloidal iron, which would be released from aerosols in all the cited protocols, plays an important role [Wu et al., 2001; Aguilar-Islas et al., 2010] . Thus, the content of colloid-forming iron species could be a determining factor which could be linked to the origin of the aerosol. [48] In conclusion, the speciation and solubility data presented in this paper and in other recent studies demonstrate the need for a more comprehensive scheme to characterize iron solubility in biogeochemical models. This new scheme must take into account various factors including aerosol concentration and origin. The need is greatest in those ocean areas most affected by the transport of anthropogenic materials. Nonetheless, as shown here, the impact of highly soluble anthropogenic iron materials can be substantial even in areas dominated by natural mineral aerosols and their influence must be taken into account. In particular our work suggests that African biomass burning could be an important source of soluble iron to the Atlantic. If so, we might expect the impact on the tropical Atlantic to be greatest during boreal winter and spring when burning is most intense in tropical and equatorial Africa. However, in these seasons, the smoke and dust is carried in latitudes south of Barbados and to South America. Therefore future research efforts should be focused on this region.
[49] Finally we point out that the definition of solubility used here and in similar studies is a definition of convenience. The fate of this soluble Fe once deposited in the ocean and its subsequent chemical fate and bioavailability will depend on a large array of complex factors including the question of the effects of changing ocean pH [Millero et al., 2009] .
